White-rot fungi (WRF) and their lignin modifying enzymes (LME) can degrade a wide range of trace organic contaminants (TrOC), which are suspected to cause adverse health effects in humans and other biota. Recent studies have successfully applied either whole-cell WRF or their extracellular culture extract to remove TrOC from the aqueous phase. TrOC removal by a WRF system is dependent on a range of factors including molecular structure of the TrOC, fungal species and their specific LME, culture medium composition, and methods to enhance fungal degradation capacity; however, the specific relationships between these factors have not been systematically delineated. The aim of this review paper is to fill this important gap in the literature by critically analysing the ability of WRF and their LME specifically to remove TrOC. Mechanisms and factors governing the degradation of TrOC by WRF and their LME are reviewed and discussed.
inhibited growth of human embryonic kidney cells, reduction in mean birth weight and neurotoxicity have also been reported (Alexander et al., 2012) . A further concern is the synergistic effect of mixtures of TrOC (Jones et al., 2005) . Although effects of individual substances may be insignificant, long-term exposure to a mixture of TrOC may have health effects on human and other biota (Jones et al., 2005) .
Common biological wastewater treatment processes such as the conventional activated sludge or membrane bioreactor processes have been reported to efficiently remove significantly hydrophobic and/or easily biodegradable TrOC such as ibuprofen and bisphenol A. However, poor and/or unstable removal of significantly hydrophilic and biologically persistent TrOC such as carbamazepine and diclofenac has also been reported (Suárez et al., 2008) . Recently there has been much interest in white-rot fungi (WRF) due to their unique capacity to degrade TrOC Tran et al., 2010) . WRF are a type of fungus that can degrade lignin, a complex natural compound which forms the hard cover that protects soft wood, by nonspecific extracellular enzymes. In addition to the application of whole-cell preparations an alternative, which decouples the fungal growth and bioremediation stages, is to utilise extracellular culture extract ('crude enzyme') or purified enzymes. WRF and their lignin modifying enzymes (LME) have been reported to degrade pollutants that are not amenable to bacterial degradation such as azo dyes, polycyclic aromatic hydrocarbons, chlorophenols, nitrotoluenes and polychlorinated biphenyls (Hai et al., 2007; Reddy, 1995) . Several Rodarte-Morales et al., 2011), while the bacterial degradation of these compounds has been characterized by negligible kinetic biodegradation constants (Suárez et al., 2008) .
The TrOC removal performance of a WRF system depends on various factors including the chemical structure of the TrOC, fungal species and their specific LME, culture medium, and methods to enhance fungal degradation capacity; however, the interdependence of these factors is yet to be systematically documented. This review paper critically analyses the ability of WRF and their LME to remove TrOC.
White-rot fungi (WRF) and their enzyme systems
WRF secrete three main classes of LME: lignin peroxidases (LiPs), manganese-dependent peroxidases (MnPs) and laccase (Reddy, 1995) . LiP, known as ligninase or diarylopropane oxygenase, was first isolated from the WRF Phanerochaete chrysosporium (Karam & Nicell, 1997 ) in 1983. LiP was shown to eliminate a variety of recalcitrant aromatic compounds including polycyclic aromatic and phenolic compounds (Reddy, 1995) . MnP is a heme glycoprotein enzyme first isolated from P. chrysosporium, which has been observed to catalyse the oxidation of several monoaromatic phenols and aromatic dyes (Karam & Nicell, 1997) ; however these reactions required the presence of divalent manganese and certain types of buffers.
Laccases (benzenediol: oxygen oxidoreductase) are copper-containing enzymes which can oxidise various chemicals such as diphenols, methoxy-substituted monophenols and aromatic and aliphatic amines (Reddy, 1995) . Laccase operates catalytically via the four-electron reduction of O 2 to H 2 O, resulting in the oxidation of hydrogen-donating substrates. Theoretically, laccase can oxidise any substrate with similar characteristics to diphenol. The redox potential of specific laccases can vary depending on the fungal source. Some high redox potential fungal laccases can also oxidise monophenols, while some have been shown to be capable of oxidation of other groups of chemicals such as benzenethiols, carbonylic products and benzyl alcohols (Mayer & Staples, 2002) . It is interesting to note that although a fungal species can potentially secrete all three enzymes, namely, laccase, MnP and LiP, a particular strain may not secrete all of them. For instance, although Trametes versicolor has been associated with all three enzymes Cajthaml et al., 2009a) , the strain ATCC 7731 secretes mostly laccase (Yang, 2012b) . The secretion of specific enzymes may also depend on culture conditions including the composition of the growth medium. In addition, WRF secrete low molecular weight mediators which enlarge the range of compounds they are able to degrade (Marco-Urrea et al., 2010a). Apart from the extracellular enzymes, intracellular enzyme systems, such as cytochrome P450, have been reported to play important roles in the removal of some TrOC 
3Effect of TrOC properties on removal
The removal of TrOC by WRF treatment varies widely from compound to compound. The physicochemical properties of the target molecules appear to be a key reason for such variation: some TrOC are easily biosorbed due to their high hydrophobicity; some have molecular features that render them readily biodegradable by WRF, while others are resistant to the WRF enzyme system due to certain features of their molecular structure.
Molecular structure
The presence of electron withdrawing functional groups (EWG) such as amide (-CONR 2 ), carboxylic (-COOH), halogen (-X), and nitro (-NO 2 ) group generates an electron deficiency and thus renders the compounds less susceptible to oxidative catabolism. Electron donating functional groups (EDG) such as amine (-NH 2 ), hydroxyl (-OH), alkoxy (-OR), alkyl (-R) and acyl (-COR) group on the other hand, render the molecules more prone to electrophilic attack by oxygenases of aerobic bacteria (Tadkaew et al., 2011) . In line with this concept, Table 1 presents widely studied and representative TrOC in four categories based on the relationship of their chemical structures (EDG and/or EWG) and removal by WRF.
Table 1

TrOC with strong EDG
In general, compounds with strong electron donating groups such as hydroxyl (-OH) and amine (-NH 2 ) have been found to be extensively/effectively removed. 
TrOC with strong EWG
Compounds containing strong EWG have been found difficult to eliminate ( Table 1) (2010) observed 80% removal by T. versicolor, indicating the difference in performance of different WRF species, which will be further discussed in Section 4.
Combined effect of EDG and EWG
It should be noted that in the previous studies some TrOC containing both EDGs and EWGs have been reported to be readily degraded, while some other TrOC have exhibited rather poor removal ( Table 1 ). For TrOC containing both EDGs and EWGs, the overall influence of these functional groups and particularly their opposing effects on the TrOC biodegradability is complex and would generally require extensive study involving simultaneous application of quantitative structure activity relationship and biochemical interpretation (Tadkaew et al., 2011) .
Nevertheless some general inferences can be drawn from the extensive body of literature that has been reviewed here.
Tetrachlorobisphenol, which is a phenolic compound (containing -OH, a strong EDG), has been reported to be well degraded despite having -Cl groups (strong EWG and toxic) on the aromatic ring (Nicolucci et al., 2011) . The antibacterial agent triclosan has been recently reported to be a suspected EDC. Although a chlorinated compound, triclosan has also been reported to be well suggesting that bacteria and fungi adopted different but complementary metabolic pathways for this compound.
TrOC hydrophobicity
Studies related to bacteria-dominated activated sludge have demonstrated that hydrophobicity plays a significant role in terms of biosorption of TrOC (Suárez et al., 2008) . It is interesting to note that several TrOC, which have been reported to be efficiently removed by whole-cell WRF 
Effect of fungal species
Different WRF species have been tested for TrOC removal in the previous studies. The performance of different species for the removal of the same TrOC may vary due to the different enzyme systems harboured by different fungal species. Table 2 highlights the comparative removal data of some frequently reported TrOC by different fungal species (whole-cell) to facilitate further critical discussion.
Table 2
Several studies have investigated the TrOC removal performance of T. versicolor, which is also It is noteworthy that data derived from different studies on the capacity of WRF for TrOC removal need to be carefully compared because the experimental conditions in those studies may have been different. However, the data compiled in Table 2 
TrOC removal by extracellular LME
Effect of enzyme types
In addition to whole-cell WRF, removal of TrOC has been investigated either by employing crude culture extract or by purified enzymes (Kim & Nicell, 2006a) . In order to facilitate critical comparison, Table 3 summarises the available information regarding TrOC removal via treatment by different individual fungal enzymes.
Table 3
Studies involving the application of purified or commercial laccase solutions reveal that it can 
Effect of addition of redox mediators
Mediators are low molecular weight compounds that act as an 'electron shuttle' between the oxidizing enzyme and the target compounds, enabling a greater range of compounds to be It is interesting to note that removal efficiency improvement of 17β-estradiol by addition of HBT only occurred when the laccase activity of the test medium was low (less than 20 U/mL) ; there was no difference in removal when laccase activity reached 20 U/mL.
Effect of immobilization of enzyme
Immobilization of LME on solid supports aims to enhance its potential for industrial use through repeated utilization (Cabana et al., 2007b) . Immobilization generally results in enzyme stabilization against thermal and chemical denaturation and in kinetic behaviour modifications.
The approaches to LME immobilization include chemical methods and physical methods.
Chemical methods mainly include: (1) enzyme attachment to the matrix by covalent bonds, and Physical methods involve entrapment of enzyme molecules within a porous hollow fiber, in spun fibers within an insoluble gel matrix and/or enzyme entrapment within a reverse micelle. Table 4   Table 4 highlights TrOC removal efficiencies by LME after different immobilization methods.
A direct comparison of the performance of different carriers or immobilization techniques based on Table 4 may not always be valid because different enzymes from different WRFs were used in these studies. Nevertheless, some interesting observations regarding compound-specific performance of the options can be made. For instance, in previous studies utilising free laccase, However, diclofenac degradation efficiency significantly decreased from 100% at pH 4.5 to 10% at pH 6.0 due to the inactivation of LiP at higher pH (Zhang & Geißen, 2010) . A pH of 6 was reported as the optimum pH for laccase-catalyzed treatment of estrogens and bisphenol A . A pH of 5 appeared to be the optimum for the degradation of triclosan by laccase form T. versicolor (Kim & Nicell, 2006b ), while the optimal pH for laccase to degrade chlorophenols was around 5.5 . The optimal temperature for LME activity may differ greatly from one strain to another. However, 25-30 °C and 37-40 °C are usually reported as the optimum temperature for laccase and the peroxidases, respectively, although thermostable LME showing stable performance at over 50 °C has also been reported (Cabana et al., 2007b; Kim & Nicell, 2006a; Soares et al., 2006) .
As noted earlier, the effect of wastewater matrix on TrOC removal has been investigated in only a few studies. Wastewater matrix constituents did not have a significant impact on the laccasecatalyzed treatment for the conversion of steroid estrogens in a study by Auriol et al. (2007) . 
Figure 1
Extracellular enzyme preparations may not always achieve a removal similar to whole-cell WRF. Before drawing any firm conclusions based on Figure 1 , due consideration needs to be given tothe fact that Figure 1 is based on data compiled from a number of independent studies which may not have been conducted under the same conditions. Nevertheless, Figure 1 indicates that compared with enzymatic treatment, whole-cell WRF treatment is applicable to a wider spectrum of TrOC, possibly because of the synergistic effect of intracellular, mycelium-bound and extracellular enzymes as well as due to sorption of TrOC on the biomass.
Degradation pathways
In the majority of studies, the focus was predominantly in relation to the disappearance of the Hydroxylation at the primary carbon to form the hydroxy-ibuprofen is the predominant initial degradation pathway for ibuprofen. Marco-Urrea et al. (2009) studied the degradation of ibuprofen by T. versicolor and reported that it was first transformed to 1-hydroxy ibuprofen and 2-hydroxy ibuprofen via oxidation of its isopropyl chain. These byproducts were subsequently degraded by the fungus to 1,2-dihydroxy ibuprofen, which accumulated over the incubation period (7 d) . Notably, the ecotoxicity of the treated medium containing 1,2-dihydroxy ibuprofen was higher than the initial solution, although still lower than that set for wastewater discharge in 
Conclusion
Trace organic contaminants (TrOC) bearing strong electron donating groups (e.g., hydroxyl and amines) are well removed by WRF, while compounds with electron withdrawing groups (e.g. halogen, nitro, azepine and triazine) are biodegraded mainly by WRF secreting all three major LME. Whole-cell WRF appear to effectively treat a wider spectrum of TrOC than crude culture supernatants or purified enzymes, possibly because of the complementary and/or synergistic effect of mycelium-bound and intracellular enzymes as well as biosorption of the TrOC.
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